Hemodynamics and the interaction between the components of the cardiovascular system are complex and involve a structural/fluid flow interaction. During the cardiac cycle, changes to vascular pressure induce a compliant response in the vessels as they cyclically stretch and relax. The compliance influences the fluid flow throughout the system. The interaction is influenced by the disease state of the artery, and in particular, a plaque layer can reduce the compliance. In order to properly quantify the fluid-structural response, it is essential to consider whether the tissue surrounding the artery provides a support to the vessel wall. Here, a series of calculations are provided to determine what role the supporting tissue plays in the vessel wall and how much tissue must be included to properly carry out future fluid-structure calculations. Additionally, we calculate the sensitivity of the compliance to material properties such as the Young's modulus or to the transmural pressure difference.
Introduction
During cardiac cycles, periodic heart beats cause subsequent periodic variations in cardiovascular pressure and blood flow. The cyclic pressure within the artery is exerted on the vessel wall and causes deformation because the artery wall is generally compliant. As cardiovascular disease progresses and plaque accumulates on the vessel wall, the compliance of the vessel changes [1] [2] .
Compliance, which is often measured as a change of cross section area (or diameter) for a specific change in intra-vessel pressure, can be used as a marker for the onset of disease. Cardiovascular stenosis affects the blood velocity waveforms [1] - [6] which are measured by low-invasive observational techniques such as Doppler and ultrasound [7] - [17] .
Insofar as there is a two-way interaction between the pressure wave created at the heart and the downstream vascular wall, and this interaction can alter the overall cardiovascular system performance; it is essential to calculate the importance of the interaction. The interaction may influence mass transfer processes within the artery or the progression of arterial disease, wall shear stress, or injections of medication or cells for therapeutic treatment of coronary disease [18] - [34] .
The literature dealing with fluid-structural interactions is rich [35] - [55] . During the evolution of this field, increasingly complex properties and conditions have been employed and more sophisticated simulation tools have been used. Among the literature cited here are consideration of the non-Newtonian blood properties, the elastic behavior (or hyper-elastic behavior) of tissue, the presence or absence of plaque, the laminar/turbulent nature of the blood flow, and unsteadiness.
What is less well understood is the external boundary condition of the artery wall itself. Almost all studies treat the external boundary condition as stress free however in reality; the artery is surrounded by a sheath of tissue which will respond when the vessel expands. Of the literature cited here, and to our best knowledge, only two studies have investigated the influence of surrounding tissue [54] [55] . In [54] , the presence of the surrounding tissue was incorporated into the analysis as an effective perivascular pressure. In [55] , the surrounding tissues were modeled by introduction of viscoelastic support conditions along the artery. No prior work has formally incorporated the surrounding tissue into the stress calculations.
In the present study, a fully continuous model was built which included plaque, an artery wall, and the surrounding tissue. Each layer was simulated by linear elastic properties which had been shown to sufficiently represent the hyperelastic behavior of arteries [47] . The surrounding tissue sheath was systematically increased and transmural pressures were applied which spanned the physiologic range. Calculations were continued until further increase in the tissue thickness no longer impacted the compliance of the artery wall. Analyses which do not include the minimum thickness of surrounding tissue will result in overestimates of the artery compliance.
The aforementioned calculations were carried out with a range of tissue properties and plaque thicknesses (and with no plaque) so that the minimum required tissue could be determined for a full range of potential situations. Both steady and unsteady calculations were completed; it was found that the minimum thickness of a steady structural calculation was also viable for an unsteady case where the internal pressure varied periodically.
The Model
The numerical model includes three layers of tissue (supporting tissue sheath, artery wall, and plaque layer). The layers are arranged in a circular and axisymmetric manner (although this arrangement is not a limitation of the method). Figure 1 shows the cross section of the geometry with descriptive annotation.
The transmural pressure difference is defined as the difference between the inner and outer pressure (inside the lumen and outside the tissue sheath). At upstream and downstream ends of the artery, tissue is allowed to expand radially but not axially. This condition essentially enforces a one-dimensional (radial) situation.
The simulations spanned the entire range of potential geometries and tissue properties. At one extreme, there was no plaque layer included (a healthy artery) while at the other extreme, the plaque nearly completely spanned the artery. As stated earlier, all materials were treated as linear and elastic with Young's modulus values that were systematically varied to account for uncertainties in this value. In addition, Poisson ratios were varied to determine whether the results are sensitive to its value.
The surrounding tissue and artery wall Young's modulus parameters were given values of 0.5, 1.0 and 1.5 MPa. The plaque was assigned values that ranged from 10 to 15 MPa (literature sources report its value at 12.6 MPa). Poisson ratios of both 0.3 and 0.4 were applied and the results were compared and found to be nearly identical (less than 1% effect). The inner diameter of the artery was 5.2 mm, the artery wall thickness was 1 mm. Transmural pressure differences ranged from 60 to 120 mm Hg.
Following the above-referenced static calculations, a transient simulation was performed where the transmural pressure varied sinusoidally from a value of zero to a maximum of 165 mm Hg. For those unsteady cases, the calculations had to be numerically integrated in time. Multiple time steps were used to ensure that the results were not dependent on the time step.
For each situation, the local stress, strain, and deformation were determined. The calculations used the local mechanical equilibrium equation which is provided in Equation (1).
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After the calculation, radial deformation (stretch) of the inner and outer surfaces of the artery were determined and the cases were compared. Most attention will be given to the inner surface of the artery because it is the surface used as a clinical indicator of compliance. The tissue layer was made thicker in sequential steps until the addition of more thickness did not alter the results. This occurrence coincided with the requisite supporting tissue for compliance calculations.
The calculations were completed using the finite element method (ANSYS v15). Throughout the solution procedure, the number of elements was systematically varied (increased by a factor of approximately 10) and results were found to be negligibly different (less than 1%).
Based on the above discussion, the radial deformation model was known to be independent of mesh size and time step size. It is now possible to show and discuss the major findings, in particular the thickness of the tissue sheath which must be included in a compliant study.
Results and Discussion

Simulations on Healthy Arteries
The first set of results corresponds to a healthy artery (absence of the plaque layer shown in Figure 1 ). The calculations are intended to quantify to extent of surrounding tissue required to constrain the artery. The list of simulations is outlined in Table 1 . For these calculations, the transmural pressure difference was 120 mm Hg, the Young's modulus of the artery and the tissue were both 1 MPa, and the Poisson ratio of the layers were 0.3. The internal lumen diameter of the artery, taken from IVUS measurements, was 5.2 mm (superficial femoral artery). The deformation listed in the table is the radial motion of the inner surface of the artery wall. The error for each case is calculated with reference to the deformation of the thickest tissue calculation. This thickness is taken to be the limit for reasonable values of tissue sheath thickness. The results of Table 1 are shown graphically in Figure 2 and Figure 3 . In the first image, the radial deformation (displacement) of the inner wall of the artery is shown. It is seen that for the no-tissue case (an artery with no surrounding tissue), the calculated deformation is an overestimate of that which actually occurs when supporting tissue is present. As the supporting tissue thickness increases, the deformation decreases until a constant value results.
An alternative way to present the information is displayed in Figure 3 . There, results are shown as a percentage deviation from that which occurs for very thick surrounding tissue layers. In order to quantify the required amount of surrounding tissue which must be included in the calculation, some judgement has to be made with regard to the acceptable levels of error. It should be noted that the errors in deformation of the artery are directly related to errors in compliance measurements. For the present case, a 10% error is taken to be reasonable which would correspond to a 6 mm required thickness of tissue. To ensure that all following calculations are within this error limit, a tissue layer thickness of 6.5 mm will be hereafter employed.
It is also noted that neglecting the surrounding tissue results in an overestimate of the deformation (and consequently the artery compliance) by as much as 140%. This finding makes clear the need to include supporting tissue in calculations
Impact of Plaque and Tissue Properties
Next, plaque was inserted into the model as indicated by Figure 1 . The plaque was given a thickness of 1 mm and two transmural pressure differences were used (120 and 60 mm Hg). Insofar as the tissue properties are not known with absolute certainty, a sensitivity study was performed. For the study, both the artery and the tissue Young's modulus were varied systematically and the deformation of the inner wall of the artery was calculated. The key results are listed in Table 2 . All of the results correspond to a plaque Young's modulus of 12.6 MPa. From Table 2 , it is seen that generally, the results are not very sensitive to properties. All of the calculated results are approximately 0.0024 mm or 0.0047 mm for the low and high pressures, respectively. Secondly, it is seen that as the tissue or the Young's modulus increases, the deformation decreases (an expected behavior).
To test the influence of the Poisson ratio, all values were varied from 0.3 to 0.4 and with a transmural pressure of 60 mm Hg, tissue, an artery Young's modulus value of 1 MPa, and a plaque Young's modulus of 12.6 MPa. There was less than 0.5% change in the results. Consequently, the results shown here are not dependent on the Poisson ratio.
A deeper review of the results in Table 2 shows that the presence of a layer of plaque significantly reduces the deformation of the artery wall during the cardiac cycle. Comparison of Table 1 with Table 2 shows that a 1 mm plaque layer reduces the deformation by a factor of approximately 13. This finding is expected and reflects prior literature which shows a reduction of compliance with increasing cardiovascular disease and stenosis.
Impact of Thickness of Plaque Layer
As stated earlier, the calculations in the prior section were carried out with a non-changing thickness of plaque. Insofar as there are various stages of arterial disease, it is important to perform calculations with increasingly levels of occlusion. Consequently, the calculations from Table 2 were repeated with a 2 mm thick layer of plaque.
The cases in Table 3 are labeled to correspond to those of Table 2 . A few conclusions can be quickly drawn from a comparison of the results of the two plaque thicknesses. First, the thicker layer of plaque further reduces the deformation (and therefore the compliance) of an artery. This result is expected. Second, the thicker layer of plaque reduces the sensitivity of the results to the other material properties. This too is expected.
Transient Pressure Variations
A final set of simulations was performed using an unsteady transmural pressure to assess whether the heretofore steady calculations were valid. A sinusoidal transmural pressure was applied with a cycle time which represents a cardiac cycle. The transmural pressure peak was set to be approximately 165 mm Hg. The resulting timewise variation in the arterial radial deformation was found. The results were compared with the steady calculations at similar pressure levels (60 and 120 mm Hg). It was found that the results agreed to within 5%. That is, trans- mural pressure differences resulted in the same arterial motion regardless of whether the motion was steady or unsteady.
The unsteady calculations were completed and a time-step study was performed wherein the numerical integration was changed from 0.1 seconds to 0.01 seconds. The results were identical and therefore are independent of time step. The comparison study between steady and unsteady deformation was completed on a healthy artery with a surrounding tissue sheath of 6.5 mm.
Summary of Results
With the large volume of results presented here, a brief summary is appropriate. Calculations performed on compliance of artery walls, when subjected to a transmural pressure, reveal that neglecting the surrounding tissue leads to large overestimates in compliance. Furthermore, we find that it is necessary to include approximately 6.5 mm of surrounding tissue in order to reduce the incurred error to 10%. Next, it was seen that when a plaque layer is present the compliance is much reduced. Thicker plaque layers result in less compliance. Finally, the sensitivity of the findings to the material properties of the artery wall or the surrounding tissue is not very great when a plaque layer is present.
The most important factor determining the compliance of arteries is clearly the presence/absence of plaque and on the plaque thickness. All other parameters were second-order or less effects.
Concluding Remarks
The present study was focused on determining whether the supporting tissue surrounding an artery was important to the compliance of the artery. It is seen that calculations without sufficient arterial support will overestimate the artery compliance. It is further found that it is necessary to include approximately 6.5 mm of surrounding tissue in order to accurately calculate compliance.
Next, a study was made of the sensitivity of compliance calculations to the values of the mechanical properties of the tissue and the artery wall, in particular, the Young's modulus and the Poisson ratio. It was found that the results were moderately dependent on the Young's modulus with increasing Young's modulus leading to lesser compliance. The results are not dependent on the Poisson ratio.
The presence of plaque has a significant effect in determining the compliance. A 1 mm layer of calcific plaque dramatically reduces the compliance compared to a healthy artery. Thicker layers of plaque (for instance 2 mm) even further reduce compliance.
The calculations were primarily steady; however, a comparison of certain unsteady and steady calculations showed that they gave nearly identical results. Consequently, it is not necessary to perform unsteady structural deformation calculations in order to predict arterial compliance, even though the transmural pressure difference may vary in time.
It is hoped that the information presented here will be useful for future studies on arterial compliance and fluid-structural interaction studies. These studies are an important area of cardiovascular research and proper accounting of supporting tissue is necessary in those studies.
